One of the basic functionalities of photonic devices is the ability to manipulate the polarization state of light. Polarization components are usually implemented using the retardation effect in natural birefringent crystals and, thus, have a bulky design. Here, we have demonstrated the polarization manipulation of light by employing a thin subwavelength slab of metamaterial with an extremely anisotropic effective permittivity tensor. Polarization properties of light incident on the metamaterial in the regime of hyperbolic, epsilon-near-zero, and conventional elliptic dispersions were compared. We have shown that both reflection from and transmission through λ/20 thick slab of the metamaterial may provide nearly complete linear-to-circular polarization conversion or 90° linear polarization rotation, not achievable with natural materials. Using ellipsometric measurements, we experimentally studied the polarization conversion properties of the metamaterial slab made of the plasmonic nanorod arrays in different dispersion regimes. We have also suggested all-optical ultrafast control of reflected or transmitted light polarization by employing metal nonlinearities. and polarization conversion in non-Hermitian plasmonic metamaterials," Nano Lett. 12(12), 6309-6314 (2012). 31. M. Ren, E. Plum, J. Xu, and N. I. Zheludev, "Giant nonlinear optical activity in a plasmonic metamaterial," Nat.
Introduction
The ability to manipulate the polarization of light is essential for numerous applications spanning tele-and data communications, spectroscopy and microscopy, to name a few. The most commonly used approach for polarization rotation and conversion is based on either half-and quarter-wave plates utilizing retardation effects in anisotropic crystals [1] . However, almost all natural birefringent materials have a small ratio between refractive indices associated with the different crystallographic directions, resulting in relatively thick retardation plates, typically more than tens of microns (dozens of wavelengths).
On the other hand, metamaterials provide an unprecedented opportunity to manipulate light in previously impossible ways and achieve peculiar refractive index properties [2] . In terms of polarization manipulation, optically active artificially structured media have been demonstrated in several configurations, e.g., planar arrays of subwavelength gammadions [3] , chiral plasmonic structures [4, 5] , spiral bull-eye grooves [6] , chromatic plasmonic polarizers [7] , and twisted nanorods stacks [8] . Efficient broadband [9] and narrowband polarizers [10] have also been demonstrated. Other novel approaches such as Faraday rotators based on single confined spin excitations [11] or graphene sheets [12] , require either macroscopic designs or challenging technological efforts to achieve acceptable levels of reliability and repeatability.
Intrinsically anisotropic metamaterials having a high ratio between permittivity tensor components, such as those based on thin film layered structures or wire arrays, have recently attracted significant attention [13] . In particular, metamaterial composites based on plasmonic nanorods demonstrate an extremely high optical anisotropy that has already been employed in a number of very promising applications, such as ultrafast optical modulation [14] and sensing [15] . Extremely anisotropic metamaterials can exhibit properties of negative refraction [16, 17] and gain [18] , hyperbolic dispersion in certain frequency ranges [19, 20] , epsilon-near-zero (ENZ) behavior, and peculiar linear and nonlinear optical responses related to the aforementioned properties. In the conceptually different epsilon-near-zero regime [21], the metamaterial is supporting truly quasistatic excitations for high frequency electromagnetic fields which accumulate zero phase delays while propagating through such an assembly. For example, ENZ materials have been proposed for extraordinary transmission stability in bent structures [22] and experimentally demonstrated employing a number of approaches [23, 24] .
In this paper, we demonstrate efficient manipulation of polarization properties of light using a metamaterial slab based on plasmonic nanorods. We compare polarization properties of reflected and transmitted light in the regimes of hyperbolic, ENZ and conventional dispersion and show the experimental proof of concept for a functional polarization converter based on a plasmonic nanorod metamaterial slab. Wavelength-dependent control over polarization was demonstrated in passive regime, and an active device has been proposed by employing the intrinsic nonlinearities of metal.
Results and discussion
A plasmonic metamaterial consisting of arrays of vertically aligned and electromagnetically coupled Au nanorods is an example of a highly anisotropic artificial medium [ Fig. 1(a) ]. Having properties different of those of isolated rods [25, 26] , it can be described by the diagonal permittivity tensor in the effective medium approximation (see Methods):
where ε  is the permittivity for the electric field perpendicular to the nanorod axes (parallel to the metamaterial layer), while ε ⊥ is the permittivity for the electric field parallel to the nanorod axes (normal to the metamaterial layer) [27] . . By engineering the anisotropy of the artificial metamaterial, precise control over the polarization of light can be achieved using simple reflection or transmission configurations with a sub-wavelength thick metamaterial slab [ Fig. 1(b) ].
To illustrate anisotropic properties of nanorod metamaterial, we first consider a typical nanorod metamaterial, which will be used in the subsequent ellipsometric measurements. The metamaterial consisting of 350 nm height Au nanorods with 30 nm diameter and 60 nm average spacing between nanorods, embedded in alumina, can be attributed the real and imaginary parts of the effective permittivity components ε ⊥ and ε  shown in Fig. 1(c) . The effective permittivities were derived using the effective medium theory (see Methods for details), neglecting nonlocal spatial dispersion effects. The hyperbolic dispersion regime interfaces the conventional elliptical one at a wavelength of around 735 nm at which the ENZ regime occurs. In the elliptical regime (wavelengths shorter 735 nm), the anisotropy of metamaterial is very strong with the ordinary and extraordinary refraction index difference ). Thus, the metamaterials provide record values for anisotropy and birefringence, which can be engineered by controlling structural parameters or indeed dynamically with active control of the optical properties of metamaterial constituents by external stimuli. 
Polarization conversion in a nanorod metamaterial
To determine the anisotropy required for linear polarization rotation by 90° (the effect of halfwaveplate) or conversion of linear to circular polarization (the effect of quarter-waveplate), the dependence of the reflection and transmission parameters were studied as the function of the anisotropy strength, the metamaterial slab thickness, and angle of incidence (the polarization conversion does not occur at normal incidence since TE and TM waves are degenerate in the case of uniaxial anisotropy). One permittivity component (Re( ⊥ ε )) was varied while keeping the other fixed ε || = 4 + 0.1i. Initially, the material losses Im( ⊥ ε ) = 0.1 were introduced in order to remove the effect of dichroism which is related to different absorption of different polarization components and prevent non-physical phase fluctuations close to the ENZ point (in the absence of losses, the effect of nonlocal spatial dispersion effects [28] can significantly influence the results). The metamaterial parameters required to achieve specific polarization conversion of the linearly (p-) polarized incident light can be inferred from Fig. 2 where red-dashed curves correspond to the phase shift of Δ = π/2 between the TE and TM components of the electric field [ Fig. 1(b) ], demanded for circular polarization, while blue-doted curves satisfies the phase of Δ = π, required for rotation of polarization plane, and green-solid curves for the amplitude ratios of 1. The intersections (marked with black crosses) of red and green curves satisfy the conditions of the complete conversion of the linear polarization into circular one, the blue and green curves intersections correspond to 90° rotation of the incident linear polarization -both upon reflection . All other points on these parametric maps lead to elliptical polarization. As can be seen from Fig.  2 , polarization conversion occurs in the vicinity of the ENZ point, even with very thin metamaterial layers of a fraction of λ thickness. In all considered cases, 'half-waveplate' and 'quarter-waveplate' effects occur for refractive indexes much less than 1, emphasizing the role of the ENZ regime. Comparable performance may only be achieved with much thicker components based on natural materials. For example, rutile (TiO 2 ) crystal has an extremely high natural anisotropy of about 10%, resulting in a quarter-wave plate of 514 nm thickness at the wavelength of 590 nm.
Generally, strong rotation capability is observed close to ENZ point in both cases of weak hyperbolic and elliptic dispersions, providing huge polarization rotations angles -as high as 1000-3000 [°/λ], while for natural crystals (e.g., rutile) this value does not exceed 100 [°/λ]. The benefit of operating close to the ENZ regime relies on the fact that certain field components (perpendicular to the layer) are not accumulating propagation phase, while others do. In this scenario, it is easy to obtain sufficient phase differences over thin metamaterial layers. Subsequent increase of the layer thickness will introduce unequal losses in TE and TM components and break the balance between their amplitudes due to dichroism effects.
Beyond the parameters shown on the parametric maps in Fig. 2(a-d) , the rest of the amplitude-phase space of the reflection scheme is presented in the 3D plots in Fig. 2(e,f) showing the dependences of ellipsometric angles [Eq. (4)] on the metamaterial layer thickness d/λ and Re( ⊥ ε ) at the angle of incidence of 60°. As expected, maximal phase accumulation occurs near the ENZ point, and a wide dynamic range of phase angles can be accumulated with deep-subwavelength metamaterial layers. The discussed manipulation of light polarization with a plasmonic nanorod metamaterial has several advantages over others recently demonstrated, both in performance and fabrication simplicity. Other proposed approaches for polarization control with metamaterials include the use of stereometamaterials [29] and twisted [8] metamaterial that serve as very efficient polarizers but require much more complicated layer-by-layer fabrication and hundreds of nanometers separation between the layers. Helix metamaterial based devices are also of micron thickness [9] . 'Nonhermitian' metamaterials promise remarkable performances even with very thin single layers [30] . Nonlinear optical activity in metamaterials could be millions times higher than in natural crystals but, being power dependent, is small compared with linear polarization changes [31] . It has to be noted that nanorods-based ENZ metamaterials have been shown to act as polarizers and narrowband angular transmittance filters [32] but not as polarization converters. Arrays of gold nanorods were also tested in terms of polarization state change in the transmission regime, but they have not been considered as a platform for on demand polarization control [33] . Similarly, L-shaped hole arrays in a metal film can be used for efficient polarization rotation in transmission [34, 35] . Metamaterials have been also proposed to design polarization control functionalities in microwave spectral range [36].
Experimental realization
The spectral dependence of extinction, reflection and ellipsometric angles Ψ and Δ, extracted from measurements described in 'Methods', provide confirmation of the predicted strong polarization effects [ Figs. 3(a)-3(f) ]. The experiments were performed for five different angles of incidence in the range from 35° to 55°. The extinction spectra [ Fig. 3(a) ] extracted from the transmission measurements, are typical of the plasmonic nanorod metamaterials with the transverse resonance at around 520 nm excited with light having an electric field component normal to the nanorod axes and the longitudinal resonance at around 700 nm excited by light polarized parallel to the nanorod axes. With the increase of the angle of incidence, the longitudinal resonance become more pronounced as the component of the electric field along the nanorod axes increases. The longitudinal peak is situated near the ENZ wavelength as has been observed previously [27] . The reflection spectra have complex structure with less pronounced angular dependencies [ Fig. 3(c) ]. The longitudinal resonance of the extinction spectra can be correlated to the reduced reflection.
The measured parameter Δ which describes polarization plane rotation, varies significantly when the transition from conventional to hyperbolic dispersion regime occurs [ Figs. 3(e), 3(f) ]. It can be seen that there exists a set of frequencies for which Δ is equal to 90° indicating full conversion from linear to circular polarization in reflection. The 90° point is very sensitive to the angle of incidence and could be obtained in the vicinity of the ENZ regime. On the other hand, ψ, the measure of amplitude change, is close to 45° throughout the whole spectral range showing that the linear dichroism of the structure plays a minor role for the thin structures under investigation.
The experimental data have been modelled using analytical expressions obtained from the transfer matrix technique [37] with the effective permittivities shown in Fig. 1(c) . For these metamaterial parameters, the absolute value of ratio of ⊥ ε and ε || does not exceed 1, which is similar to the conditions assumed for the dependences in Fig. 2 . It can be seen that the spectral dependences, as well as the absolute values of all parameters in Fig. 3 are well described by the theoretical model. The optimal geometrical parameters for the fitting are within 5% of those directly measured from the fabricated structure (see Methods). Fig. 1(c) . Spectral ranges of elliptic and hyperbolic dispersions are also indicated.
The strongest deviations between experiment and modeling are observed for polarization parameters plots, since the polarization, i.e., phase sensitive measurements are much more sensitive to small variations in sample parameters than the intensity measurements of reflection and transmission. In particular, the modeled behavior of Δ shows abrupt changes (with a discontinuous derivative) close to the ENZ point [ Fig. 3(f) ] where the field components perpendicular to the metamaterial layer have ' ' π shift in phase. Near the wavelength where the reflection is very close to zero a strong variation in phase is also observed, as should be expected. At the same time, in the experimentally measured dependences, the minimum reflection is further from zero, thus the Δ variations are smaller. The primary origin for the deviations between the experiment and the model for all of the reported results is related to imperfections of the sample, especially the non-uniformities in nanorod height. While spatial dispersion (nonlocal effects) were not taken into account and, in general, expected to have a little influence in the un-annealed nanorod metamaterials due to losses, the high sensitivity of polarization measurements may still be able to 'see' them, leading to additional deviations between the theory and experiment.
All-optical control of polarization
Plasmonic nanostructures provide an interesting opportunity to achieve active plasmonic components [14, 38, 39] . In this context, we have investigated the possibility of controlling the polarization conversion all-optically by employing intrinsic metal nonlinearity introduced by free electron heating [14] . This nonlinearity involves both inter-and intraband electron transitions and may be observed in short-pulse pump-probe experiments, benefiting from the fast dynamics of collective nonradiative relaxation processes in electron plasma. It has recently been demonstrated that such nonlinearity can lead to fast (THz-speeds) and strong (up to 80% change in transmission) modifications of the optical response of metal nanorod metamaterials [14] as well as split-ring-based metamaterials [30] . While in the previous work ultrafast transmission changes (intensity modulation) were demonstrated, here we propose the ultrafast modulation of phase which leads to changes in polarization of reflected or transmitted light. Figure 4 shows the modelled changes of Ψ and Δ parameters in the reflection configuration as the function of the electron temperature in the nanorods, induced by the pump beam. The results show that the polarization can be modulated very substantially on the sub-picosecond time scale. The considered signal wavelengths of 635, 735, and 835 nm were chosen to be in the region of elliptic, ENZ, and hyperbolic dispersion, respectively. The most pronounced modulation is observed close to the ENZ and weak hyperbolic regimes where the phase changes manifest themselves in the most pronounced way. Fig. 4 . All-optical control of polarization conversion in the metamaterial upon reflection for different wavelengths: the dependences of (blue lines) rotation angle Δ and (red lines) amplitude angle ψ on the electron temperature in Au nanorods. Metamaterial parameters are as in Fig. 1(c) . The metamaterial layer thickness is d/λ = 1/20 and the angle of incidence is ϕ = 60°
Conclusions
We have proposed and experimentally demonstrated ultrathin nanorod metamaterial based components for manipulation of light polarization. Both reflection and transmission configurations have been experimentally shown to provide linear-to-circular polarization conversion in a 350 nm thick slab at oblique incidence, which cannot be achieved by employing any naturally existing material in geometries of similar simplicity and which typically require components of tens of microns thickness, based on natural uniaxial crystals. Theoretically, complete linear-to-circular polarization conversion or 90° linear polarization rotation in both reflection from and transmission through a λ/20 thick slab of metamaterial can be achieved. Moreover, ultrafast all-optical phase modulation of the reflected and transmitted light can be achieved leading to significant (about 40° rotation) changes of polarization state of the signal light. This is an important step towards ultrasensitive polarization devices for free-space and integrated photonics as well as active devices for ultrafast, low-power, all-optical information processing on the deep-subwavelength scale utilizing electron nonlinearities of metamaterial components.
Methods
Polarization properties modeling. Considering a slab of a uniaxial anisotropic material with a principal axis oriented perpendicularly to a transparent isotropic substrate and bounded by vacuum [ Fig. 1(b) ], the reflection coefficients for p-polarized (TM) and s-polarized (TE) modes can be expressed as ( )
the layer by applying the standard Maxwell-Garnett effective medium model presented in [40] with a modified intra-rod interaction tensor γ .
Sample fabrication. The metamaterial sample fabrication sequence, similar to the one described in [14] , involves the reactive magnetron sputter deposition of a 10 nm thick Tantalum pentoxide adhesion layer on a 1 mm thick glass substrate, followed by the deposition of a 5 nm thick gold electrode with a 350 nm thick aluminum layer on top. The latter is then anodized in sulphuric acid (20 V) to obtain a nanoporous alumina template in which gold nanorods are electrochemically grown. The metamaterials studied here is made of rods with 350 nm height, 30 nm diameter, and 60 nm average interrod spacing.
Experimental measurements. The ellipsometric measurements have been performed using J. A. Woollam Co. commercial instrument. The reflection and transmission spectra in the range of angle of incidence and in the various polarization configurations (s-s, s-p, p-p, p-s) were recorded with both amplitude and phase information. The amplitude ratio and phase rotation have then been derived.
